A Transient Specialization of the Microtubule Cytoskeleton Is Required for Differentiation of the Drosophila Visual System  by Hoyle, Henry D et al.
p
w
Developmental Biology 221, 375–389 (2000)
doi:10.1006/dbio.2000.9674, available online at http://www.idealibrary.com onA Transient Specialization of the Microtubule
Cytoskeleton Is Required for Differentiation
of the Drosophila Visual System
Henry D. Hoyle,1 F. Rudolf Turner, and Elizabeth C. Raff
Department of Biology and Institute for Molecular Biology, Indiana University,
Bloomington, Indiana 47405
Drosophila b3-tubulin is an essential isoform expressed during differentiation of many cell types in embryos and pupae. We
report here that during pupal development transient b3 expression demarcates a unique subset of neurons in the developing
adult visual system. b3 is coassembled into microtubules with b1, the sole b-tubulin isoform in the permanent microtubule
cytoskeleton of the adult eye and brain. Examination of b3 mutant phenotypes showed that b3 is required for axonal
atterning and connectivity and for spatial positioning within the optic lobe. Comparison of the phenotypes of b3 mutations
ith those that result from disruption of the Hedgehog signaling pathway shows that b3 functions early in the
establishment of the adult visual system. Our data support the hypothesis that b3 confers specialized properties on the
microtubules into which it is incorporated. Thus a transient specialization of the microtubule cytoskeleton during
differentiation of a specific subset of the neurons has permanent consequences for later cell function. © 2000 Academic Press
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Microtubules are universal elements of the eukaryotic
cytoskeleton, assembled from a- and b-tubulins encoded
in multiple gene families. We have used genetic analysis
to investigate the cellular roles of specific tubulin iso-
forms in Drosophila melanogaster. Isoform replacements
in the male germ line revealed that different tubulin
isoforms are functionally distinct and that even in the
same cell, different microtubule assemblages have
unique requirements for specific aspects of tubulin pri-
mary structure (Hoyle and Raff, 1990; Hoyle et al., 1995;
Fackenthal et al., 1993, 1995; Hutchens et al., 1997; Raff
et al., 1997).
Here we have addressed the role of b3-tubulin (b3), an
essential, structurally divergent isoform whose complex
pattern of expression is suggestive of specialized functions
(Raff et al., 1982; Rudolph et al., 1987; Gasch et al., 1988,
1989; Leiss et al., 1988; Kimble et al., 1989, 1990; Hinz et
al., 1992; Dettman et al., 1996; Serrano et al., 1997; Damm
et al., 1998). b3 is first expressed in midembryogenesis and
1 To whom correspondence should be addressed. Fax: (812) 855-
6705. E-mail: hhoyle@bio.indiana.edu.0012-1606/00 $35.00
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All rights of reproduction in any form reserved.hereafter not again until late third-instar larvae just before
upariation. In pupae, b3 is transiently expressed in many
tissues, including all of the imaginal discs; expression
persists in the adult only in somatic cells of the gonads. In
the embryo, transient b3 expression is essential for differ-
ntiation of several different cell types (Dettman et al.,
996, submitted for publication). In the adult, b3 expression
n testis somatic cyst cells is required for germ-cell differ-
ntiation (Kimble et al., 1990; Dettman et al., 1996; our
npublished data). We show here that in pupae, key aspects
f patterning in the developing visual system depend on the
odulation of the microtubule cytoskeleton by transient
ncorporation of the b3 isoform: b3 expression in a unique
ubset of neurons is required for formation of correct axonal
onnections with target cells.
The suite of differentiative and patterning events that
ccur in the developing eye and brain is controlled by
nterplay of many signal transduction systems and tran-
criptional regulators (reviewed in Dickson and Hafen,
993; Meinertzhagen and Hanson, 1993; Truman et al.,
993; Wolff and Ready, 1993). b3 is thus a crucial compo-
ent of the early pathways by which “instructions” from
egulatory genes are carried out by cytoskeletal proteins to
enerate differentiated cell structure.375
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376 Hoyle, Turner, and RaffMATERIALS AND METHODS
Drosophila Stocks and b3 Alleles
Drosophila were maintained at 25°C on standard medium; genes
nd stocks are summarized in Lindsley and Zimm (1992) and
lyBase (1994). b3 mutations (designated B3tn) cause multiple
phenotypes (Kimble et al., 1990; Dettman et al., 1996). Severe b3
utations cause death after hatching as a result of defective b3
function during embryogenesis; less severe mutations cause phe-
notypes ranging from larval or pupal lethality to viable adult
phenotypes including sterility, flightlessness, and bristle defects.
To examine b3 function in visual system development, we used b3
mutant allele combinations that support viability through pupari-
ation or to adulthood. Mutant alleles used in this work were
EMS-induced (B3t 1, B3t 2, B3t 4) or X-ray-induced (B3tSK); all
encode b3 protein recognized by anti-b3 antiserum.
For this study we constructed transgenic Drosophila stocks in
hich the ubiquitin gene promoter (Lee et al., 1988) drives b3- or
b1-tubulin coding sequences. The transgenic vectors were derived
from Pwum2 (Heck et al., 1993), without the myc epitope tag.
b-Tubulin expression from transgenic inserts was confirmed by
novel expression of b1 or b3 in the postmitotic male germ cells,
where these isoforms are not normally expressed.
Primary Antibodies
The primary antibodies used were (1) anti-b3, a rabbit polyclonal
antiserum specific to the Drosophila b3-tubulin isoform that
recognizes the unique b3 carboxy terminus (Kimble et al., 1989;
Dettman et al., 1996); (2) DM1B, a monoclonal antiserum (Amer-
sham) that recognizes all Drosophila b-tubulins (Kimble et al.,
989; Hoyle and Raff, 1990; Hoyle et al., 1995); (3) anti-b1, a
monoclonal antiserum specific to the Drosophila b1-tubulin iso-
orm (Dettman et al., 1996); and (4) 22C10, a monoclonal antiserum
pecific to sensory neurons (Zipursky et al., 1984; Estes et al.,
996).
Brain Preparations and Immunolocalization
Tissues were dissected in PEM buffer (100 mM Pipes, 2 mM
EDTA, 1 mM MgSO4), fixed 15 min with 6% formaldehyde,
ermeabilized 10 min with 2.5 vol heptane, and then washed with
BT (PBS 1 0.1% Triton X-100) and 0.3% H2O2 in PBS. Tissues
were pretreated with PBT 1 10% normal goat serum (NGS),
followed by 30 min primary and secondary antibody incubations in
PBT 1 NGS 1 5% DMSO. DMSO improved antibody penetration
and did not alter staining patterns. Primary antibody binding was
detected using HRP-conjugated secondary antisera (Jackson Immu-
noresearch Laboratories) and the DAB color reaction according to
Matthews et al. (1990), giving a brown stain or a denser blue stain
if 0.04% NiCl2 was included.
Whole mounts of antibody-stained brains were prepared for
icroscopy as follows: (1) They were gently flattened in PBS under
coverslip (Figs. 2, 3, 5, and 8). This gives optimal detection of
ntibody staining patterns, but the brain always lies under the
overslip such that the dorsal–ventral axis is displayed. (2) They
ere mounted in low-melting agarose, allowing display of either
he anterior–posterior or the dorsal–ventral axis (Figs. 6 and 8).
rains were oriented on a slide in 2% low-melting agarose (Nu
ieve, FMC) at 37°C in PBS and cooled, and a coverslip supported
y plasticine was added before the agarose solidified. Images ofCopyright © 2000 by Academic Press. All rightntibody-stained preparations were video-captured using a Sony
CCD camera. Wild-type b3 expression in the developing eye and
rain was identical in several different Drosophila stocks with
pigmented and unpigmented eyes.
Electron Microscopy
Retinas from adult flies 14 days posteclosion were dissected in
PEM, fixed overnight in 2% glutaraldehyde, 2% paraformaldehyde,
0.1 M cacodylate, 0.07% sucrose; rinsed in 0.1 M cacodylate;
stained with 2% osmium tetroxide and 0.5% uranyl acetate;
dehydrated with ethanol and acetone; and embedded in DER resin
(Electron Microscopy Sciences, Inc.). Sectioning and transmission
electron microscopy (TEM) were done by standard methods.
For TEM immunolocalization, third-instar larval and pupal
brains were dissected in PEM and fixed in 1% glutaraldehyde in
PBS for 1 h, dehydrated, and embedded in Lowacryl K4M (Electron
Microscopy Sciences, Inc.). Sections mounted on grids were incu-
bated with a mixture of anti-b3 and anti-b1, washed, and then
ncubated with a mixture of the appropriate 5- or 10-nm gold-
onjugated secondary antibodies (Amersham). Sections were post-
tained with 7.5% uranyl magnesium acetate and lead citrate.
FIG. 1. Drosophila brain morphogenesis from onset to maximal
b3-tubulin expression. Dorsal–ventral axis of the brain, viewed
from the posterior. Left: Late third-instar larval brain and associ-
ated structures. The region of the supraesophageal ganglion that
will generate the adult optic lobe and the positions of the lamina
precursor cells (large stipple) are indicated. The eye–antennal discs
are connected to the brain by the optic stalk, through which the
photoreceptor axons of the developing retina (cross-hatched) will
pass. The antennal regions of the eye–antennal discs are shown
detached from their normal position at the anterior of the brain
(shown in Figs. 2A and 3E). Right: 2-day pupal brain with major
adult morphological features, including well-developed optic lobes
(shaded). The differentiated retinas (black) lie closely apposed to the
optic lobes. Fully differentiated optic lobes become positioned
more ventrally with respect to the midbrain (see Fig. 3D). The
ocelli also form during pupal development.s of reproduction in any form reserved.
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378 Hoyle, Turner, and RaffRESULTS
b3 Is Transiently Expressed in the Developing
Adult Visual System
During pupal development, morphogenesis of the adult
brain involves remodeling of the larval brain and new cell
proliferation (Truman et al., 1993). Figure 1 illustrates
hanges in brain morphology during the period of b3 ex-
pression.
Only two b-tubulin isoforms are expressed in the devel-
oping brain, b3 and b1, the predominant Drosophila
b-tubulin (Kimble et al., 1989; Raff, 1994). In considering
possible functional roles played by the b3 isoform, it is
important to note that b3 represents only a minor part of
the total b-tubulin, primarily b1, present in the developing
ye and brain. This is illustrated by comparing b3 accumu-
lation (Figs. 2A and 2C) with total b-tubulin in brains of the
same stages (Figs. 2B and 2D). As shown below, immuno-
localization at the ultrastructural level supports the conclu-
sion that b1 is also present in all b3-expressing cells (Fig. 7).
Onset of b3 expression coincides with differentiation of
he compound eye. Figure 3A shows an eye–antennal disc
nd developing optic lobe shortly after pupariation. Photo-
FIG. 2. b3 is a small subset of total b-tubulin in the developing e
ith DM1B to detect total b-tubulin (B, D) and placed under a cov
osterior. (A) b3 staining in a late third-instar larval brain sho
b3-expressing axons of the photoreceptor cells in eye–antennal disc
nywhere else in the eye–antennal discs, brain, ventral ganglion (V
larval brain, primarily representing the b1 isoform present in all ce
lobe (OL) obscures the b3-specific staining pattern seen in A. (C) b
resent in the photoreceptors and bristles of the retina (R) and in t
edulla; see Fig. 6C). b3 is also present in the ocelli (Oc; one ocellu
epresents ocellar and ring gland innervation (see Dettman et al., s
(TG). (D) Total b-tubulin in a 2-day pupal brain. Bar represents 100
elanogaster life cycle. b1 is expressed ubiquitously at high levels t
embryogenesis, in pupal disks and the developing visual system, an
to mid-third instar.
FIG. 3. b3 localization in the developing eye and optic lobe. Prepa
ensory neurons (E, F). (A) b3 staining in the retina and optic lobe
osterior to the morphogenetic furrow (arrow). R1–R6 axons termi
t the presumptive outer optic medulla. (B) b3 staining in a 1.5-da
asiculating axon bundles (Ax). b3 expression is also beginning in th
upal brain. The retina is folded back, revealing b3 localization in t
he optic lamina. The R7, 8 axons project through the lamina to the
in the inner medulla, which forms anterior to the R7, 8 axon term
F). b3 is also present in the inner optic chiasma, which lies anterio
he darker stripe that extends through the middle of the medulla.
marked contrast to extensive b3 accumulation at 2 days, by this sta
r brain; arrows indicate the position of the former b3-staining reg
s unstained cuticle.) (E) 22C10 staining in a late third-instar lar
ddition to the retinal photoreceptors and their axons in the optic
egmental nerves, and in other sensory neurons. Compare the res
taining in an optic lobe of a 2.5-day pupal brain. The 22C10 epitop
ptic lamina, the outer and inner medulla, and the internal chiasma
b3-staining at the same stage. Bar in A represents 50 mm for A, B,Copyright © 2000 by Academic Press. All righteceptor differentiation in the eye is marked by the mor-
hogenetic furrow, a wave of cell shape change that moves
osterior to anterior across the eye disc. b3 tubulin is first
xpressed at the posterior margin of the furrow in the cell
odies of photoreceptor 8 (R8), the first photoreceptors to
ifferentiate. Subsequently all photoreceptors express b3 as
they differentiate. In the second row posterior to the furrow
and all older rows b3 is expressed in the photoreceptor cell
odies and their axons projecting down the optic stalk.
1–R6 axons terminate at the presumptive optic lamina,
hile the R7, 8 axons pass through the nascent lamina and
erminate at the presumptive outer optic medulla.
Figures 3B–3D show the progression of b3 expression as
the eye and optic lobe develop. Figure 3B shows b3 expres-
sion in the fully formed retina 1.5 days after pupariation. b3
is still present in the photoreceptor cell bodies and axons as
they begin to fasciculate. Formation of the lamina has
begun but the lamina precursor cells themselves never
express b3. In the optic lobe, b3 expression is now begin-
ing in the inner optic medulla.
Figures 2C and 3C show maximal b3 accumulation,
2–2.5 days after pupariation. b3 is present in all of the
ells in the eye and brain in which it is expressed. In the
d optic lobe. Wild-type brains were stained with anti-b3 (A, C) or
p, displaying the dorsal–ventral axis of the brain, viewed from the
onset of b3 expression in the developing photoreceptors (PR).
e reached the brain lobes via the optic stalks (OS). b3 is not present
r segmental nerves (SN). (B) Total b-tubulin in a late third-instar
M1B staining in the eye–antennal disc (EA) and presumptive optic
aining in a 2-day pupal brain, at maximal b3 accumulation. b3 is
ner optic medulla (M) and internal chiasma (perpendicular to the
s lost during dissection). The remaining midbrain (MB) b3 staining
itted for publication). b3 is not expressed in the thoracic ganglion
Bottom: Timing of expression of b1 and b3 tubulin during the D.
ghout the life cycle. b3 is expressed in restricted sets of cells during
the somatic cells of the gonads. b3 is not detectable in larvae prior
ns as in Fig. 2, stained with anti-b3 (A–D) or with 22C10 to detect
early pupal brain. b3 is present in photoreceptors and their axons
at the presumptive lamina (L); R7 and R8 axons (R7, 8) terminate
pal retina. b3 is present in all photoreceptor cell bodies and their
er optic medulla (M, slightly out of focus). (C) Optic lobe of a 2-day
tic lobe. b3 staining in the termini of the R1–R6 axons demarcates
rior region of the outer medulla. b3 accumulation is now maximal
ut not all cells of the inner medulla express b3 tubulin (compare
perpendicular to the medulla, visible in this view of the brain as
3 staining in a 3.5-day pupal brain (thoracic ganglion removed). In
ere is no longer any b3 staining detectable in any tissue in the eye
f the inner medulla. (Brown tissue at the site of retina attachment
rain with associated eye–antennal discs and ventral ganglion. In
, the 22C10 epitope is present in Bolwig’s nerve (BN), in all of the
ed pattern of b3-staining at a similar stage in Fig. 2A. (F) 22C10
resent in the photoreceptors and their axons; in the neurons of the
in associated neurons medial to the medulla. Compare C showing
, and 100 mm for D, E.ye an
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380 Hoyle, Turner, and Raffretina, b3 is present in all photoreceptor cells and their
axons, plus the eye bristles and bristle axons. Fascicula-
tion of the photoreceptor axons in the retina is complete,
and b3 staining in the termini of R1–R6 reveals the
omplex architecture of the optic lamina. We have not
dentified any b3-expressing lamina neurons. At this
stage, the external optic chiasma has not formed, and the
R7, 8 axons project directly to the posterior region of the
outer medulla. b3 accumulation in the inner medulla is
ow maximal, but b3 expression is limited to only a
subset of cells in the inner medulla (compare Fig. 3F).
Although not fully visible in this orientation of the brain,
b3 is also present in the inner optic chiasma, the last
tructure in the developing visual system to express the
b3 isoform (see Figs. 6B and 6D).
b3 is present only during differentiation of the visual
system and, as shown in Fig. 3D, is no longer present in the
eye or brain by 3.5 days postpupariation. This is in agree-
ment with the expression pattern of b3 mRNA in the brain
Kimble et al., 1989). The disappearance of b3 protein from
the visual system generally follows the same order as its
appearance. b3 is lost first from the photoreceptor cell
bodies and axons and last from the inner medulla and
internal chiasma, the last structures in which it was ex-
pressed. The shortest photoreceptor axons, R1–R6, lose b3
taining before the longer R7, 8 axons, even though R8 was
he first to express b3. In R7, 8 axons, b3 staining is first lost
from the axon termini, the location of the “plus ends” of
axonal microtubules. Retrograde loss of b3 indicates disas-
embly of b3-containing microtubules. Since all b3 staining
isappears, b3 must also be lost from the soluble tubulin
ool, raising the possibility that there may be specific
egradation of b3.
The transient expression of b3 defines a unique group-
ing of cell types, as illustrated by comparison of b3
localization with an epitope present in all sensory neu-
rons, recognized by the 22C10 antiserum (Zipursky et al.,
1984; Estes et al., 1996). Figure 3E shows localization of
the 22C10 epitope in a larval brain, shortly before pupari-
ation. The early 22C10 staining pattern in the photore-
ceptors overlaps the b3 staining pattern, but unlike b3,
the 22C10 epitope is also present in many other cell
types, including the larval light-sensing organ, Bolwig’s
organ, and Bolwig’s nerve. Bolwig’s organ differentiates
during embryogenesis and at that time Bolwig’s organ
does express b3 tubulin (Dettman et al., submitted for
publication), but b3 does not persist in Bolwig’s organ
during larval development. The 22C10 epitope is also
present in the sensory neurons that project to the brain
via the segmental nerves, which do not express b3 at any
stage. The restricted pattern of b3 expression within the
ptic lobe is clearly seen by comparing Fig. 3C, an optic
obe of a brain at 2.5 days postpupariation stained for b3,
with Fig. 3F, an optic lobe from a brain of the same age
stained for 22C10.Copyright © 2000 by Academic Press. All rightb3 Mutations Perturb Axonal Patterning and
Connectivity in the Developing Eye
and Optic Lobe
The “wiring diagram” for expression of the b3 isoform in
the visual system is summarized schematically in Fig. 4. b3
expression follows a pattern of alternating cell types in the
three visual primordia. The fact that b3-expressing cells
ontact cells that do not express b3 suggested that b3 may
function in some of the interactions between cells required
for establishing neuronal connectivity within the visual
system. Consistent with this hypothesis, we found that b3
utants exhibit two kinds of patterning defects: (1) target-
ng and pathfinding mistakes made by individual axons and
2) defects in three-dimensional positioning of the R7, 8
xon array within the optic lobe. Thus, b3 is essential for
key patterning events in the developing visual system.
Figure 5 illustrates the multiple defects that occur in
development of the visual system in animals of genotype
B3t 1/B3t 4, a viable mutant allele combination. Figures 5A
nd 5B illustrate defects in axonal targeting, spatial posi-
ioning, and morphology of b3-expressing structures in the
ye and optic lobe of B3t 1/B3t 4 mutant brains (compare
with wild type at the same stage in Fig. 3C). Most strik-
ingly, the incoming R7, 8 axons fail to terminate at their
correct position in the posterior region of the outer optic
medulla, extending deep into the optic lobe. However,
although the R7, 8 axons do not stop at their target, they act
similarly to wild type in that most do not enter the cortex
of the optic lobe, even at the medial edge of the lobe, well
beyond the wild-type terminus. At the medial edge of the
optic lobe, most R7, 8 axons turn back rather than enter the
cortex of the optic lobe (e.g., see the recurved R7, 8 axon
termini in Figs. 5A and 5B), but a few of the R7, 8 axons
penetrate toward the midbrain. The exclusion of the R7, 8
axons from the optic cortex suggests a repulsive axon
guidance mechanism, such as has been identified in mid-
line patterning in the Drosophila embryo CNS (Kidd et al.,
999; Brose et al., 1999).
In addition to the mistargeting of R7, 8 axons, the
orphology of the medulla is abnormal in B3t 1/B3t 4 ani-
mals. The laminas in B3t 1/B3t 4 brains also exhibit some
egree of disorganization, although to a lesser extent than
he more obvious defects in R7, 8 targeting and organization
f the medulla. B3t 1/B3t 4 brains also exhibit defects in the
patial positioning of the R7, 8 axon array. In wild-type
ies, R7, 8 axons enter the posterior region of the outer
ptic medulla (see Fig. 6). R7, 8 axons are positioned
ormally in the brain in Fig. 5A. In contrast, in the brain in
ig. 5B, the R7, 8 axons are positioned more ventrally than
n wild type, and the optic medulla has subsequently
eveloped in the normal orientation with respect to the R7,
axons, but displaced with respect to its wild-type position
n the brain.
In both vertebrates and invertebrates, neurons whose
xons fail to make proper connections with their target may
egenerate. Campos et al. (1992) showed that in contrast tos of reproduction in any form reserved.
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381Tubulin Function in Axonal Patterningthe extreme rarity of retinal degeneration in wild-type
Drosophila, photoreceptor cells that did not form neural
connections with the optic ganglia degenerated by 15 days
posteclosion. We therefore examined the retinas of B3t 1/
3t 4 adults and found that with variable penetrance in
individual flies, adult eyes consistently exhibited omma-
tidia with missing or defective rhabdomeres, characteristic
of photoreceptor cell degeneration. Figures 5C–5E show
three ommatidia from the retina of a 2-week old B3t 1/B3t 4
adult. As the pupal phenotype and the adult phenotype
cannot be assessed in the same individual, we do not know
the extent of failure of targeting or structural disorganiza-
tion of b3-expressing axons in the brain of this fly. We also
on’t know if photoreceptor axons might form connections
ith an ectopic target. However, of a total of 256 omma-
idia scored in this retina, 22 had missing or abnormal
hotoreceptor cell bodies. Figure 5C shows a cross section
f an ommatidium with seven rhabdomeres (R8 lies under
7) in the stereotypic wild-type pattern exhibited by the
ajority of ommatidia in this retina. Figures 5D and 5E
how ommatidia with missing rhabdomeres. More than
alf the defective ommatidia were missing one of the
1–R6 cells, consistent with the idea that the relatively
ubtle morphological defects in the optic lamina in B3t 1/
3t 4 pupae reflect defects in axonal targeting of R1–R6 that
re as significant as the more obviously defective R7, 8
argeting.
Brain preparations prepared for microscopy by flattening
nder a coverslip (i.e., as in Figs. 2, 3, and 5) reveal fine
etail of the antibody staining pattern, but always display
he dorsal–ventral axis of the brain. In order to determine
efects in three-dimensional positioning of neuronal struc-
ures in the optic lobes of b3 mutant animals, we also
xamined brains mounted in agarose, allowing display of
he anterior–posterior axis of the brain. The diagrams in
igs. 6A and 6B and the micrographs in Figs. 6C and 6D
llustrate the three-dimensional positions of b3-expressing
structures in wild-type brains. As can be seen when the
brain is viewed from the dorsal surface (Figs. 6B and 6D), the
R7, 8 axons form a uniform array within the posterior
compartment of the presumptive optic lobe. When the
inner medulla and internal chiasma form during the first
day and a half of pupal development, they are positioned in
the anterior compartment of the optic lobe, oriented so that
the internal chiasma is perpendicular to the array of R7, 8
axons.
We found that in b3 mutant animals, the R7, 8 axons
ere often mispositioned within the optic lobe, i.e., as in
he B3t 1/B3t 4 fly in Fig. 5B. Defective spatial positioning of
he R7, 8 axons is more clearly seen in agarose-mounted
rains. Figure 6E shows a brain from an animal carrying the
emiviable allele combination B3t 1/B3t 2, in which the R7,
axon array is offset by about 90° from the normal position
n the right optic lobe. The positioning of the R7, 8 axons in
ach optic lobe appears to be independent. Thus, the axon
ract in either optic lobe may autonomously fail to make
he correct initial directional choice. In b3 mutant brains,Copyright © 2000 by Academic Press. All righthe medulla and internal chiasma were always formed in
pproximately their normal orientation with respect to the
rray of R7, 8 axons and thus misplaced relative to the
ormal position in the optic lobe if the R7, 8 axons were
isplaced (Figs. 5B, 6E, and 6F). This implies that some
ues for spatial positioning of the medulla and internal
hiasma are derived from the prior positioning of the R7, 8
xon array. However, construction of the medulla and
ssociated structures must be at least in part independent,
ince it has been shown that formation of the inner medulla
oes not depend on retinal innervation (Fischbach, 1983;
chneider et al., 1995). Our studies confirm this. For ex-
mple, in animals homozygous for the b3 mutant allele
3tSK, which fails to complete pupariation, b3-expressing
structures were partially formed in the optic lobe even
when photoreceptor innervation failed to occur.
In addition to defective placement of the R7, 8 axon array
within the optic lobe, b3 mutants also exhibited mistakes
in targeting by individual b3-expressing axons in the optic
lobe, similar to the mistargeting of the R7, 8 axons in
B3t 1/B3t 4 animals (Figs. 5A and 5B). For example, in both
ptic lobes of the brain from a B3t 1/B3t 2 fly in Fig. 6E, there
are b3-staining axons that extend from the medulla or
nternal chiasma into regions of the brain not normally
ccupied by b3-expressing cells (arrows). We also observed
his type of defect in pupal brains from animals carrying
everal other b3 mutant allele combinations.
We previously showed that decreasing the amount of the
wild-type tubulin pool in the male germ line causes defects
in a specific subset of microtubule-mediated processes
(Hoyle and Raff, 1990; Fackenthal et al., 1993, 1995; Hoyle
et al., 1995; Hutchens et al., 1997; Raff et al., 1997).
Likewise, altering the ratio of different tubulin isoforms
causes defects in microtubule function in the oocyte and
embryo (Matthews et al., 1993; Dettman et al., submitted
for publication). These studies showed that in the testis and
in embryos, the amount of tubulin produced is directly
proportional to gene dose. We therefore examined eye and
optic lobe development in animals with decreased b3, using
Df(2 R) Px 2, a deficiency chromosome that deletes the b3
ene (Kimble et al., 1990). We did not observe any defects in
argeting by individual axons in Df(2 R) Px 2 heterozygotes.
owever, the R7, 8 axon array was mispositioned in 13%
20/157) of optic lobes in pupal brains from Df(2 R) Px 2
heterozygotes (Fig. 6F). Such animals are of course hemizy-
gous for all the genes within the deficiency, not just b3
Kimble et al., 1989). We also observed similar misplace-
ent in some wild-type animals (8/158); thus it may be that
his patterning process is intrinsically somewhat plastic
nd may normally be subject to variation. However, the
efects that occurred in R7, 8 positioning in the optic lobes
f deficiency heterozygotes were identical to those in b3
utants and occurred in a sufficient number of animals to
uggest that the phenotype can be attributed to hemizygos-
ty for the b3 gene.
Based on the data from b3 mutants, together with those
from b3 hemizygotes, our working hypothesis is that b3-s of reproduction in any form reserved.
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382 Hoyle, Turner, and Raff
Copyright © 2000 by Academic Press. All rightexpressing neurons in the developing visual system have
some threshold requirement for b3. When b3 function is
reduced, because the mutation affects either how well b3
an function or the amount of wild-type b3 present, sto-
hastically, some cells may fall below this threshold. This
nterpretation is consistent with the variability we have
bserved of phenotype of microtubule function in indi-
idual spermatid cysts in the same testis, reflecting the
FIG. 6. Defects in spatial positioning of structures in the devel-
oping optic lobe in B3t 1/B3t 2 mutants and b3 hemizygotes. (A, B)
Diagrams of the positions of b3-expressing structures in the optic
obe in the wild-type pupal brain. (A) Dorsal–ventral axis of the
rain, viewed from the posterior. (This is the same view of the brain
s in Figs. 1–3 and 5.) (B) Anterior–posterior axis of the brain,
iewed from the dorsal surface (e.g., a 90° rotation of the brain in
). R7, 8 axons enter the posterior compartment of the optic lobe;
he inner medulla and internal chiasma subsequently form in the
nterior compartment, with the internal chiasma anterior and
erpendicular to the medulla. The position of the ocelli is shown
or reference, but ocelli and associated neurons may be detached or
isplaced in whole-mount preparations. b3 staining in the mid-
brain region of whole-mount preparations is due to b3 present in
he ocelli and in the neurons that innervate the ocelli and the ring
land (see Dettman et al., submitted for publication). (C–F) Posi-
ions of b3-staining structures in the optic lobe in pupal brains of
wild-type and b3 mutant animals. 1.5- to 2-day pupal brains were
stained with anti-b3 and mounted in low-melting agarose. (C)
orsal–ventral axis of a wild-type brain, viewed from the posterior.
he positions of the lamina, the medulla, and the R7, 8 axons are
ndicated (compare with Fig. 2C). (D) Anterior–posterior axis of
nother wild-type brain, viewed from the dorsal surface. In this
iew of the whole brain, the termination of the R7, 8 axons in the
osterior compartment of the optic lobe can be seen. (This is most
lear in the right optic lobe; R7, 8 axons in the left optic lobe are
artially obscured by the retina.) Also, in this orientation, b3-
taining neurons in the internal chiasma (IC) are also visible,
erpendicular to the dorsal–ventral axis of the medulla and extend-
ng toward the anterior of the brain. (E) Anterior–posterior axis of a
rain from an animal of genotype B3t 1/B3t 2, a semiviable b3
utant allele combination. (Approximately 5–10% B3t 1/B3t 2 ani-
mals survive to eclosion.) Positioning of the R7, 8 axons, the
medulla, and the internal chiasma is wild type in the left optic lobe.
However, in the right-hand optic lobe, the R7, 8 axons have entered
the brain about 90° offset relative to the wild-type position. The
relative orientation of the medulla and internal chiasma with
respect to the R7, 8 axons is normal; thus all of the b3-expressing
structures in the optic lobe are displaced from their normal
position. In both optic lobes, many b3-staining axons have ex-
tended out from the medulla toward the midbrain (arrows), well
past the normal boundaries. (F) Anterior–posterior axis of a brain
from an animal hemizygous for the wild-type b3 gene (genotype
Df(2 R) Px 2/1). Positioning of the R7, 8 axons and the medulla and
nternal chiasma is normal in the right optic lobe. In the left optic
obe, the R7, 8 axons have entered the brain offset from their
ormal position. As in the brain in E, the normal position of the
edulla and internal chiasma relative to the R7, 8 axon tract is
aintained, thus displaced within the optic lobe with respect to
ild type. Bar in C represents 100 mm.s of reproduction in any form reserved.
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383Tubulin Function in Axonal Patterningcontingent nature of the execution of a given microtubule
assembly event when the tubulin pool is below the optimal
threshold for function (Fackenthal et al., 1995).
The mispatterning phenotypes in development of the
adult visual system in b3 mutants unequivocally demon-
strate that b3 is essential for these processes. The variable
penetrance and severity of defects in b3 mutants are con-
istent with the hypomorphic nature of the alleles we
xamined. The most obvious prediction is that complete
oss of b3 function in the developing eye and optic lobe
ight cause more penetrant or more severe failure. How-
ver, this is not necessarily the case. For example, complete
oss of function of the microtubule motor protein kinesin
eavy chain in the developing eye causes missing or defec-
ive rhabdomeres in about 20% of ommatidia and age-
ependent photoreceptor degeneration in 5–10% omma-
idia in adults (Brendza et al., 2000). The incomplete
penetrance thus results from redundant or overlapping
function by other proteins.
b3 Is Coassembled into Microtubules
with the b1 Isoform
The above data demonstrate that the transient expression
of b3 is essential for axonal targeting and spatial positioning
during differentiation of the adult visual system. The b3
isoform constitutes only a small fraction of the total
FIG. 7. Coassembly of the b1 and b3 isoforms into microtubules
b1-specific antibody (10-nm gold balls) and b3-specific antibody (5-
A parallel array of microtubules is shown in longitudinal section; a
icrotubules in all b3-expressing axons in a late larval optic stalk;
period of b3 expression. (B) Close-up of box in A, showing colocaliz
of microtubules in R7, 8 axons within the optic lobe, approxima
icrotubules are shown, both labeled for b1 and b3. Reciprocal ex
0-nm gold balls gave the same results, showing that the size of t
bserved b3 gold labeling only in regions where b3 expression wasCopyright © 2000 by Academic Press. All rightb-tubulin in the developing brain, in which the b1 isoform
is the predominant component (Fig. 2; Kimble et al., 1989).
An important question is whether b3 is present in cellular
or subcellular tubulin pools distinct from those of b1. We
used ultrastructural immunolocalization to determine b1
nd b3 distribution in photoreceptor neurons in the optic
stalk shortly after the onset of b3 expression and in the
optic stalk and within the optic lobe in pupae during
maximal b3 expression. In Fig. 7, both b1 and b3 labeling
can be seen for a length of several micrometers along
individual microtubules. We did not find microtubules
labeled only for b3. In all b3-expressing cells at all stages
hat we examined, b1 and b3 were present together and
were coassembled into microtubules. We cannot eliminate
the possibility that b3 is the only isoform in some cells or
that b3 is preferentially accumulated into a specific subset
of microtubules in some cells. However, the simplest
interpretation of our data is that in b3-expressing cells, the
icrotubule cytoskeleton is assembled from a mix of the
wo isoforms, b3 and b1.
Since b3 is utilized in the same microtubules as the major
b1 isoform, there are two kinds of functions that transient
b3 expression might serve. One possibility is that b3 might
simply increase the level of the b-tubulin pool in certain
cell types at times of increased needs for microtubule
assembly. This possibility is especially relevant because we
observed perturbations in development of the visual system
he developing brain. 1-day pupal brains were double-labeled with
old balls). (A) Electron micrograph of R1-8 axons in the optic stalk.
ntain both b1 and b3. We also observed colabeling of b1 and b3 in
both isoforms are coassembled into microtubules very early in the
of b1 and b3 in individual microtubules. (C) Electron micrograph
10 mm medial from the lamina. (D) Close-up of box in C. Two
ents in which b1 was detected with 5-nm gold balls and b3 with
ld particle did not affect the distribution of antisera binding. We
observed by light microscopy. Bar represents 200 nm for A and C.in t
nm g
ll co
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384 Hoyle, Turner, and Raffnot only in flies that carry b3 mutations, but also in flies
hat are hemizygous for the wild-type b3 gene (Fig. 6).
Alternatively, b3 might confer distinct properties on the
ixed b1 plus b3-containing microtubules. In this case the
efects in visual system development would result from a
hange in the ratio of b3 to b1 in the tubulin pool—and
hence, a corresponding change in the properties of the
mixed polymer.
As one test of these alternative possibilities, we con-
structed transgenic flies in which the ubiquitin gene pro-
moter (Lee et al., 1988; Heck et al., 1993) drives b-tubulin
coding sequences, allowing us to raise the general cellular
level of b1 or b3, respectively. If b3 expression serves
mainly to augment the tubulin pool, experimentally in-
creasing b1 should substitute for b3. However, we found
that increasing the amount of b1 by generalized expression
from the ubiquitin promoter did not rescue any of the b3
utant phenotypes. These experiments are open to the
aveat that the ubiquitin promoter might not drive suffi-
ient b1 in essential cells or that increased b1 might be
eleterious for some cells. However, our results suggest
hat at least in most cells, b3 probably does not function
olely to raise the total tubulin pool level. Consistent with
his, reciprocal experiments showed that we could not
escue a b1 mutation with generalized b3 expression from
he ubiquitin promoter; rather, increased levels of b3 made
the phenotype of b1 mutant animals more severe (E. Raff,
unpublished data). Moreover, generalized b3 expression
from the ubiquitin promoter also exacerbated b3 mutant
henotypes in the visual system. We therefore conclude
hat b3 confers novel properties to the microtubules into
which it is coassembled with b1, producing a transient
functional change in the neuronal microtubule cytoskel-
eton. This hypothesis is also consistent with our observa-
tion that coexpression of b3 with b1 in the cap cells of
hordotonal organs during embryogenesis alters microtu-
ule cross-linking (Dettman et al., submitted for publica-
ion).
The Hedgehog1 Mutation Perturbs Spatial
Patterning in the Optic Lobe Similar
to b3 Mutations
Having shown that b3 is required for axonal patterning in
the adult visual system, we reasoned that phenotypes
produced by mutations in other genes that affect patterning
of the retina and optic lobe might shed light on where b3
functions in the differentiative pathway. We were particu-
larly interested in the secreted signaling protein Hedgehog,
because it is required both in the developing eye and in the
optic lobe. Hedgehog is one of the key regulatory molecules
in early determinative events in the retina prior to b3
xpression (Lee et al., 1992; Ma et al., 1993; Heberlein et al.,
993, 1995; Dominguez and Hafen, 1997; Borod and Heber-
ein, 1998). Subsequently, many features of the differentia-
ion of the optic lobe depend on innervation by the axons of
he photoreceptor cells of the compound eye (MeyerowitzCopyright © 2000 by Academic Press. All rightnd Kankel, 1978; Selleck and Stellar, 1991; Winberg et al.,
992). Huang and Kunes (1996, 1998) showed that prolifera-
ion and differentiation of the lamina precursor cells also
epend on Hedgehog. They discovered that the hedgehog
ene is not expressed in the brain; rather, the incoming
hotoreceptor axons deliver Hedgehog to the brain. Hedge-
og is thus delivered to the optic lobe by the b3-expressing
axons.
We examined differentiation of the visual system in
homozygotes for the mutant allele hedgehog-1 (hh1),
which supports viability of the fly but does not provide
sufficient Hedgehog function for complete development of
the retina and optic lobe (Renfranz and Benzer, 1989). In
hh1 mutants, eye differentiation ceases prematurely, re-
sulting in a “bar eye” phenotype. Because of the resulting
incomplete innervation of the brain by photoreceptor ax-
ons, the lamina precursor cells fail to proliferate, and the
optic lobe does not develop fully. We discovered that the
hh1 allele causes defects in global patterning very similar
to those that occur in b3 mutant animals, consistent with
our interpretation that b3 mutant phenotypes place b3
unction early in the differentiative pathways in the visual
ystem.
We observed defective spatial positioning of the R7, 8
xons in 18% (21/117) of optic lobes in hh1 homozygotes,
llustrated in Fig. 8 (compare b3 mutant brains in Figs. 5 and
). Figure 8A shows a 1.5-day-old hh1 pupal brain. In both
ptic lobes the R7, 8 axons have entered the brain offset
bout 90° ventrally from the normal position. As in b3
mutants, the medulla and internal chiasma developed in
the normal position with respect to the R7, 8 axons, but
rotated relative to their wild-type position in the optic lobe.
Figure 8B shows another pupal hh1 brain; positioning of the
R7, 8 axons is normal in the left optic lobe, but misoriented
in the right optic lobe. Figures 8D and 8E show pupal hh1
brains flattened under coverslips to display the details of b3
staining (compare the wild-type brain in Fig. 8C). Because
many fewer photoreceptors form in hh1 animals, indi-
vidual R7, 8 axons are readily seen in slightly flattened
brain preparations. In both optic lobes in the brain in Fig.
8D, the R7, 8 axons (and, in consequence, the medulla and
internal chiasma) are misplaced ventrally relative to their
normal position, exactly as in the brain in Fig. 8A. Figure 8E
shows an optic lobe of a hh1 brain in which the misplace-
ment is dorsal to the normal position. Similar to the b3
utants, we observed many hh1 brains with a single
isoriented optic lobe (Figs. 8B and 8E). However, many
h1 brains exhibit misorientation of both optic lobes, but
lways in the same direction (Fig. 8D), suggesting that some
spects of orientation of structures in the optic lobe may be
onstrained.
DISCUSSION
Expression of the b3-tubulin isoform in the developing
ompound eye and optic lobe occurs during early differen-s of reproduction in any form reserved.
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385Tubulin Function in Axonal Patterningtiation, when axonal connections are established. b3 muta-
tions produce a suite of defects, including incorrect target-
ing by photoreceptor axons, perturbation in three-
dimensional positioning of structures within the optic lobe,
and aberrant morphology of b3-expressing structures in the
optic lobe. Thus b3 is essential for patterning in the visual
system. The mechanisms of innervation and subsequent
development of the larval photosensory system and the two
adult photosensory systems, the compound eyes and the
ocelli, are all quite different, yet all three involve a transient
incorporation of the b3 isoform into the microtubule cy-
toskeleton (this work; Dettman et al., submitted for publi-
cation). A key question is whether b3 plays similar func-
tional roles in all three photosensory systems.
In Drosophila (unlike vertebrates, which switch from a
microtubule-based neuronal cytoskeleton to a microtubule
plus neurofilament cytoskeleton at about birth), the perma-
nent neuronal cytoskeleton is microtubule-based. During
development of the brain, two b-tubulin isoforms are ex-
ressed, b3 and b1, the predominant Drosophila b-tubulin
isoform (Fig. 7; Kimble et al., 1989, Raff, 1994). Our data
show that in the developing visual system, b3 is coas-
embled into microtubules with b1. We believe this is the
first direct demonstration of the presence of two endoge-
nous b-tubulin proteins in the same microtubule in vivo.
he consequence of b3 expression in the developing visual
system is that during morphogenesis of the eye and brain,
the purely b1-based microtubule cytoskeleton is transiently
eplaced by mixed b1- plus b3-containing microtubules in a
unique subset of neurons. Subsequently, the b3-containing
microtubule cytoskeleton is replaced by a microtubule
cytoskeleton containing only b1, the situation maintained
in the adult brain.
What is the nature of the cellular function provided by
b3? Our data suggest that b3 does not function primarily to
ugment the cellular tubulin pool. We propose that b3
onfers unique functional properties to the microtubules
nto which it is incorporated. This hypothesis is consistent
ith other situations in which the identity of tubulin
ubunits in the pool determines cellular microtubule func-
ion. For example, the protofilament structure of microtu-
ules in the axoneme may be controlled by a component
b-tubulin (Raff et al., 1997). Similarly, both meiotic and
early mitotic divisions in the Drosophila embryo require
that the predominant a84B-tubulin isoform and the mater-
ally expressed divergent a67C-tubulin isoform are both
present and in the correct ratio (Matthews et al., 1993;
Mathe et al., 1998).
What might be the specialized properties of b3-
ontaining microtubules? The timing of b3 expression and
the similarity of the patterning phenotypes in the develop-
ing visual system that result from both b3 mutations and
he hh1 mutation clearly place b3 function in early differ-
entiative events. Incorporation of b3 into the microtubule
cytoskeleton may confer general properties on microtu-
bules that allow optimal axonal motility required for suc-
cessful axonal pathfinding and establishment of correctCopyright © 2000 by Academic Press. All rightontacts with target cells. For example, Rochlin et al. (1999)
emonstrated that microtubule assembly may regulate ac-
in assembly in nerve growth cones. Alternatively, b3 may
play a more direct role, for example if the b3 subunit
rovides unique binding sites for specific microtubule mo-
ors or other microtubule-associated proteins, perhaps for
pecific aspects of axonal transport. A precedent for this
odel is provided by Komma and Endow (1997), who found
hat the maternal a67C-tubulin is essential for function of
he kinesin-related ncd motor protein.
Our observations on embryonic b3 function revealed
ifferential properties of b3-containing microtubules com-
ared to microtubules supported primarily by b1 (Dettman
t al., submitted for publication). In the embryo, b3 is
ransiently coexpressed with b1 in the cap cells of chor-
otonal organs, while other cells in the chordotonal organs
ontain only b1. We found that there are many more cross
ridges between microtubules in the cells in which b1 is
he sole b-tubulin than in the b3-containing cap cells.
However, in b3 mutant animals, the cap cell microtubules
re more extensively cross-linked, similar to non-b3-
xpressing cells. This observation definitively shows that
b3 can modulate microtubule architecture. Incorporation of
b3 into the chordotonal support cell microtubules might
serve to inhibit microtubule associations with specific
proteins involved in forming cross bridges. Another possi-
bility is that b3-containing microtubules are more dynamic
han microtubules with only b1, thus precluding stabiliza-
ion by cross-bridging. The latter possibility is consistent
ith the general features of b3 expression. That is, in both
mbryos and pupae, b3 is transiently expressed and is not
utilized in construction of long-term microtubule struc-
tures (Kimble et al., 1989, 1990; Dettman et al., 1996; this
work). A more labile microtubule cytoskeleton might more
readily allow for the rapid changes in cell shape typical of
b3-expressing cells (Kimble et al., 1989), including the
b3-expressing neurons in the eye and optic lobe. This idea is
supported by the finding that experimentally increasing the
stability of axonal microtubules inhibited growth cone
motility and pathfinding in cultured vertebrate neurons
(Tanaka and Kirschner, 1995; Tanaka et al., 1995).
An essential role for the microtubule cytoskeleton has
een demonstrated in many different signaling pathways
reviewed in Gundersen and Cook, 1999). In the developing
isual system, delivery of the Hedgehog protein by the
ncoming photoreceptor axons is necessary for proliferation
f the lamina precursor cells (Huang and Kunes, 1996,
998). Although the molecular mode of action of the
edgehog protein in stimulating optic lobe development
as not been elucidated, it has been shown that in the
mbryo, receipt of the Hedgehog signal by the target cells is
microtubule-mediated process (Robbins et al., 1997; Sis-
son et al., 1997). Our data reveal essential microtubule
function mediated by the b3 isoform in the photoreceptor
axons that deliver the Hedgehog signal.
Another example of a requirement for microtubule-
mediated processes in patterning in the eye and optic lobe iss of reproduction in any form reserved.
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386 Hoyle, Turner, and Raffprovided by the p150Glued protein, a key member of the
ynactin complex required for regulation of cytoplasmic
ynein activity (Waterman-Storer et al., 1995; McGrail et
l., 1995; Holleran et al., 1998). The phenotypes of Glued
utations reveal that the p150Glued protein is required for
several different microtubule-mediated events in Drosoph-
FIG. 8. Defects in the spatial positioning of b3-expressing structu
upal brains from hh1 homozygotes stained for b3 and mounted in
rains in Fig. 6.) (A) Dorsal–ventral axis of a hh1 brain. In both optic
ormal position, but the normal orientation of the medulla and int
s that the R7, 8 axons and the medulla and internal chiasma are di
xis of a second hh1 brain. Positioning of the R7, 8 axon tracts, the i
n contrast, the R7, 8 axons are mispositioned in the right optic lob
o the R7, 8 axons. (C–E) Dorsal–ventral axis of pupal brains staine
staining in a 1-day wild-type pupal brain. The R7, 8 axons lie poster
the optic lobe cortex. The retina is in its in vivo position, covering
pupal brain from a hh1 homozygote. The morphology of the b3-ex
had been flattened under a coverslip instead of mounted in agarose
relative to wild type. The medulla and internal chiasma are in the
misplaced relative to the wild-type position. Ocellar differentia
homozygote. The R7, 8 axon tract is displaced dorsally relative to
normally relative to the R7, 8 axons. The R7, 8 axons extend medi
in Figs. 5A and 5B. Parallel to the R7, 8 axons, b3-expressing axons
wild-type position, similar to the B3t 1/B3t 2 brain in Fig. 6E. BarsCopyright © 2000 by Academic Press. All rightla eye development (Fan and Ready, 1997). Moreover, in
ddition to the “glued” retinal phenotype, Glued mutant
nimals exhibit spatial displacement of the medulla (Harte
nd Kankel, 1983), a phenotype that is remarkably similar
o that exhibited by both b3 and hh1 mutants.
Utilization of a transient b3-containing microtubule cy-
n the developing optic lobe in hedgehog-1 mutants. (A, B) 1.5-day
ose. (Compare to similar preparations of wild-type and b3 mutant
s, the R7, 8 axons have entered the brain ventrally relative to their
chiasma with respect to the R7, 8 axons is maintained. The result
ed from their normal position by about 90°. (B) Anterior–posterior
al chiasma, and the medulla within the left optic lobe is wild type.
e optic medulla has maintained the wild-type orientation relative
th the b3 antibody and slightly flattened under a coverslip. (C) b3
the medulla, extend to the center of the medulla, and do not enter
amina. Differentiation of the ocelli is nearly complete. (D) 1.5-day
ing structures in this brain is what would be seen if the brain in A
oth optic lobes, the R7, 8 axon tracts are mispositioned ventrally
al orientation relative to the R7, 8 axon tracts and thus are also
is normal. (E) Optic lobe of a 1.5-day pupal brain from a hh1
ild-type position. The medulla and internal chiasma are oriented
ast the center of the medulla, similar to the B3t 1/B3t 4 phenotype
nd from the medulla (arrowheads), both medial and lateral to their
and C represent 100 mm.res i
agar
lobe
ernal
splac
ntern
e. Th
d wi
ior to
the l
press
. In b
norm
tion
the w
ally p
exte
in As of reproduction in any form reserved.
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387Tubulin Function in Axonal Patterningtoskeleton in several different cell types during embryogen-
esis and metamorphosis suggests that b3 is involved in an
array of determinative events, perhaps involving multiple
molecular pathways. Supporting this idea, our data show
that b3 is expressed during several different events in the
development of the optic lobe that are not mechanistically
linked, including Hedgehog-mediated stimulation of the
lamina precursor cells and the Hedgehog-independent for-
mation of the medulla in the absence of retinal innervation
of the presumptive optic lobe (Fischbach, 1983; Schneider et
al., 1995; our data). Expression of the unique b3-tubulin
soform thus provides a link between regulatory pathways
hat specify cell fate and the final executors of permanent
ifferentiated cell structure.
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